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ADVANCE RESTRICTED REPORT

DATA ON BUCKLING STRENGTH OF CURVED SHEET

IN COMPR.ESSIOIf

T,,)>Warmld Crate and L. Ross Levi.n

,SUMMA-RY

Tests were made of curved panels of four different
thicknesses and with radius-thickness ratios varying from
about 150 to ~. ‘Results are also included of some tests
that were reported previously.

The data presented lead to the conclusion that for
practical engineering use the critical compressive stress
for a curved sheet between stiffeners is given by the
lar~er of the following:

(a) The critic’al compressive stress for an unstiff-
encd circular cylinder of ‘the same radius-thickness ratio

(11) The critical compressive stress for the same
sheet when flat

It is indicated from the tests made that there is a
certain value of radius-thickness ratio r/t, varying
with the skin thickness, below which the critical stress
for repeated loading is less than that obtained upon
first application of the load. If, therefore, the value
of r/t for a particular structural part is below this
value, the part should bc so designed that it will not
buckle .

INTRODUCTION

t
Because the skin between stiffeners ,on the surface

of airplanes is curved to the contour of the wing or
fuselage, it is important to investigate the cxtont to
which this curvature influences the critical stress~

Reference 1 presents a theoretical formula far the
critical compressive stress of a slightly curved sheet
wit-h equal elastic restraints against rotation along the
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st~aight, unloaded edges, and a semirational formula for
cases in which the curvature is larger. !%%e present
report gives experimental data on the critical compressive
stress of curved sheet and presents a modified formula
based on the theoretical formula of reference 1.

TEST SPECIMENS

Each test s~ecimen was constructed of a curved sheet
of 24S-T aluminum alloy with four angle stiffeners, formed
from flat sheet of the same material and attached along
the straight, unloaded edges, as shown in figure 1. As
all specimens were loaded within the elastic range of the
material? the modulus of elasticity E is the only mate-
rial.property of concern. The value of E was assumed
to be 109600;000 pounds per square inch in all the cal-
culations of this paper. The dimensions of the specimens
are given in table 1. The symbols used for the dimensions
are those shown in figure 1. (In the radius-thickness
ratio r/t used in table I, r is the radius of curva-
ture of the sheet and t is the thickness of the sheet,
designated ts In fig. 1.)

The angle type of stiffener was selected because of
the low rotational restraint that it provided at the side
edges of the sheet. The use of two stiffeners at each
side edge of the sheet was decided upon- in order to sta-
bilize thoroughly these edges against displacements nor-
mal to the sheet. The various sizes of angle mere so
selected as to force buckling to occur in the sheet at
a load lower than the lowest critical load of the stiff-
eners and to provide adequate support against deflection
normal to the sheet, ~ithout having excessive area in
the stiffeners. In soue eases, the proportions of the
stiffeners in a particular series of test panels wero
changed after the test grogram was under my, in an
effort to realize more closely the conditions just set
forth. The test results indicated that such changes as
were made had little effect on the experimental values
of critical stress obtained.

The areas listed in table I, which mere used for
calculating average stress9 were determined from the
weights of the specimens and the density of the material.
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TEST PROCEDURE

. . ,,

Specimens were tested in the l,200,000-pound-
capacity testing machine in the NACA structures re,search
laboratory. In order to insure uniform bearing against ,
tho heads of the testing machine, the specimens were
ground to produce ends which were,flat, square, and par- ,
allol. After the specimen had been placed in the testing ~
machino and a small initial load applied, the radius of
curvature was measured With the gage shown in figure 2.

For all specimens except those of group D (see
table 1), strains Oli the two sidds of the specimen were
measured by mcdns of eight pair of Tuckerman optical
strain gages located as shown in figure 1. The specimens
of group D are those used in the tests reported in refer-
ence 2; the strain-gage locations used are also given in
reference 2.

In some cases after the sileet buckled, the load was
released and then applied again, in order to determine
whether or not the critical stress was tti*esame under
repeated loading as under a load applied only once.
Sometimes this procedure was used in a single series of
loads, and sometimes the panel was reuoved from the
testing uachine$ the ends reground , and the entire test
repeated.

METHOD OF DETNRI!IINING CRITICAL 3UCKLIITG LOAD

The method of determining the critical buckling
load depended in each case on the action of the speciaen.
In some cases (specimens vith lom r/t) buckling occurred
suddenly by a snap-diaphragu action accompanied by a loud
report; the buckling load. was then taken as the load at
which tilis action occurred. In all other cases a gradual
growth of deflections witil load made a direct determina-
tion of the critical load i~possible. T~o methods vere
used to determine the critical load for these speciaens.

The first nethod, explained in reference 3, is in
brief a procedure for analyzing the gradual growth of
deflections with lbad and consists in plotting a curve
of (Y-Yl)/(P-Pl) as ordinate against (y-yl) as abscissa,
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where P and y are corresponding values of load and
deflection and PI and YI are arbitrarily chosen

initial values of ea.3h quantity. The inverse slope of
the straight line obijained is pcr_pl, where pcr is

the desired critical buckling load. The value of y
was taken as the difference in readings of a pair of
o~posite strain gages located at or near the crest of
the primary buckle.

The foregoing method gives a theoretical value of
critical load for the specimen if it is perfect, A second
method was employed that gives a practical value of crit-.
ical load for the specimen with whatever imperfections
it has~ This method consists of plotting the difference
of strain for a pair of strain gages near the crest of
tho buckle and visually estimating the critical stress
as about the top of the knee of this curve, or the -point
at which a small increase of stress causes a relatively
large increase in deflection. A typical curve, with the
critical stress estimated by this method, is shown in
figure 3. The critical stress determined by the first,
or straight-line, method is also shown in figure 3 for
purposes of comparison. ‘ -

Both of these methods are based on the difference
iil strain-gage readings, which is a measure of the change
of curvature. According to the theory of small deflec-
tions, which applies for stresses below the buckling load,
the deflection of a given buckled shape is proportional
to the curvature. It was considered that the strain
readings of the !luckerman optical strain gages were ❑ ore
accurate than the deflection readings tha,t could be ob-
tained witli the equipment at hand.

LJISCUSS1ON OF RESULTS

The results of these ”tests are given in table 11 and
in figure 4, where u is the critical stress,

cr
The

various points plotted in these figures show the critical

stresses as determined by the three methods previously
mentioned aiid the values of critical stress u~der repeated
loading where s’~eilvalues were olserved.
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The curves A, B, and C in figure 4 are ,the curves
given in figures 7 and--9 of reference 4, which represents
the NACA study of circular cylinders in compression.
Curves A and B, respectively, are the graphs of the equa-
tions

and

The plotted points in figures 7 and 9 of’ reference 4,
representing the compressive strength of carefully
constructed cylinders, scattered between curves B and C,,

Curve D is a graph of equation (13) of reference 1.
Curve E is a graph of the equation

\ ‘\,!,p’ ,,
,\

k coefficient in formula for critical stress of sheet ~~”~

IJ Poissonls ratio for material

b width of sheet between outstanding flanges of
stiffeners

Equation (1) is a modification of equation (10) of refer-
ence 1, vhich is a generalization of equation (2’76) of
reference 5 to include all degrees of edge restraint
instead of simple support alone. The value of k was
chosen to make the curve agree with the experimental
points obtained by the straight-line method for r/t = W*
The reason that curves D and E do not always pass throug~
these points exactly is that the value of ts for the

particular specimens with r/t = m was used in establishing
k; whereas an average value of ts was used in plotting
the curves.
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Regardless of which method is used to establish exper-
imental critical stresses, it appears from the data that
the effect ‘of curvature cannot b> relied upon to follow
consistently the gradual increake’ in critical stress with
increase in curvature represented by either of the curves
D and E. Perhaps a more practical value for the critical
compressive stress for a curved sheet between stiffeners
would be given by the larger of the following:

(a) The critical compressive stress for an unstiff-
ened circular cylinder of the same radius-thickness ratio

(b) The critical compressive stress for the same
sheet when flat

The critical stress for the second and subsequent
loadines was affected by the extent to which the buckles
were made permanent under the first application of load.

For small values of r/t, buckling usually occurred
with a snap-diaphragm action, indicating a drop in load
when buckling occurred. The large deflection associated
with the snap-diaphragm action produced relatively large
permanent deformations in the specimen and, as a conse-
quence, the critical stress for the second and subse-
quent Ioadiilgs was appreciably less than for the first
loading.

For large values of r/t There the deflection
iiicreased gradually with load, the first loading had no
appreciable effect on the critical stress for further
loading. Ii, ho’:rever, the loading had been continued
after buckling until permanent deformations had been
produced in the specimen, the critical stress for subse-
quent loadings probably would have been less.

The critical stresses for repeated loads given in
this report are consequently of qualitative rather than
quantitative values for use in design~ I?ecausc no meas-
urements of the deformatioi~s followin: buckling were made.

CONCLUSIONS

The data presented in this report lead to the conclu-
sion that for practical en,~ineering usc the critica,l com-
pressive stress for a curved sh.ect betwoc:l stiffeners is
given by the larger of the following:
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1. The critical compressive stress for an unstiff-
ened circular cylinder of the same radius-thickness ratio&

2. The critical compressive stress for the same
s’beet when flat

The critical stress for the second and subsequent
loadings may be affected by the deformation that occurs
when the sheet buckles under the first application of
load.

Langley Memorial Aeronautical I,aboratory,
Na,ti.onal Advisory Committee for Aeronautics,

Langley Tield, Va.
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TAEIJ! I. - DIMENSIONS OF TEST SP=IM?X5
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I 1

1Specimen I (%.) (1:.) I r/t I (A) I (t:.) I (k.) I (85?:.:

B-1 o.lo~l
B-2 .l(xlll
B-7
id

.099

.1015

;:2
.1029
; O&J

H!
?

B-9 %’;8
B-10 . loq
B-n .0993
B-3.2 .101

B-d
B-1 ● 101

.099i

@roupA - Nomtnalt~= 0.125in.

vii
1.798
1.778
1.776
1.793

::;38
1.78
i1. 01

MJ

Oroup

00
m

1.21.5

1
9 .1
9 .2
91.5
77.1
73:?
Z&

~~:j
16:2

- Nominal t~ = 0.102 in.

Group C - Nominal ts = 0.081 h.

0.0821 00
.0818 98.7
.0813
.081

3
2!:;

.OE!l I&o

:%! 34.5
32.7

.0810 28.2

.0807 2$:

.0810

.0807 17.1

.0810 15.2
.0817 11.7

.0922

.0906

.0909
;CJC$

“8‘Lh,j
1.k93

h~~
1.48
1.49?

4$

1.49
1.4
11.6
1.40

z,1.4 6

Qrou? D - )JOndnel t. = 0.078 In.a

D-1 b.078 m 1.51 0.61 boo@
D-2 103.0

12
1.51 .61

lo~l’

a
63.3 1.OE! .61 ;:?$

H
8:2

.61
:$ 1:8 .61

1.155

“3
.61

1.103
1.102

Hi z. lf$ ~~g .61
31.1 .61

1.067
1.067

I 13roupE - Nonunal t. = 0.061AIn.

E-1 0.0633 Cm 0.99
E-2

O.’jl
.0639 97.0

o::3~5

J&: 1% l:; ;Z ~
0.824

,51

::1
.06 9

d

.824
.0 0

.0 00

g Jj
.824

H
.0399 .822

::$ y;
,51 .0399 .822

H b
.06 0

i?! :j?(
,.51 .0395 .80

.06 29:7
i

.50

. so ::$22
;J ;

~
E-9 .064

i?
2 ●7

E-10 . ‘a+
i

39
2 .2 374 :W : z !4

.0 02 .72
E-11 .0644 259

.0 0
1.00

.942
.064 :4:; :g $& ,

.0 02 .779

;:$ I $E
.86a

.064 11.1+ .86 ~ .947
● 944

4
aGroup D consists of penels ueed in the tests reported in ~eference2.
bNondnal dlmonsiona.



TA2LS II. - Tssrlkmrm
(Data for ●pmtinm in group D taken from roferenea 2.) 9

,3

Specim.n

A-1

A-2

A-3

A-4
A-5

A-6

A-7

A-8

A-9

A-10
A-n

::g

B-1

B-2

B-3

B-k

B-5

E-6

B-7

B-8

B-9

B-10

B-n

B-12
B-1
B-1?

c-1

c-2

D-1
D-2

K?

E-1

P/t
Subb.ng

(lb)

14,220

XJig

13,730
12,100
13,200
11,700
&, 300
13,Om
13,200
10,700
1L,31O
11,200
1 100
?’1 ,100
14,490
11, 0
ti,g:
:L60
;?:?22
21,Wo
4.l*95JJ

. . . . . .
8,060
3.310
3,1ee
l&6&
,

$?%
1 ,310
I2 .oy3

12;?&
10,9
12,1%
10*yy3
12,930
11.3W
u *9
11,01%
13,360
11,01$)
13,2
10.8z

‘:
Uoo

13:8$
12,500

k
14,3 0

:3Lo
21 ,580

;:;;y

8:%
9,130
7,95fJ
9,320

I:t&
7,WJ

?%

7:220
9,670

1$;:+

9,700
7, 00
k9, 0

;:w@

#:

5,730
5,230
5*7W
5s4g

l;;j~

12:g:

):*

%%’
33,35Q

;;:7$

;:~

8:1908,7 0
10,3L

4,200

p$

------
9,810
3,993

4$

●9 Q

;0

$:%

27~600

%@

.030QL1

,000535
.000552
.000 9

?.00037
.000623

::%;
.ce3977

.000396

%%yg
--------

Sacond

---..---
--------
--------
--------
--------
--.-.---
.--.----
--------
--------
--------
--------
--------
-. . . . ..-
. -------
------.-
. . . . . ..-
--------
--------
0.001370
.0013 6

z.00159
-...----

--------
--------
-.--.---
--------
------- -
--------
--------
--------
--------
.-------
-.------
--------
--------
--------
--------
--------
--------
--------
-.------
--------
--------
-. . . . . . .
.001105
.001173

--------
--------
--.--p--
--------
--------
--------
-..---.-
----.---. -------
--------
--------
.00115
.0010d----...-
.om~

--------

.000549
.-------
--------
.000646--------

--------
--------
--.---.-

--------
--------
----.-.-
.000

?.Ocx)75---- ...:
;~g

..--& ---
.000806
--.---.-

Thlnl

--------
--------
--------
--------
-.---.--
--.-.---
-.-.-.--
--.--.--
-.-.-.--
--------
--------
--------
. -------
--------
--------
--------

--------
0,001370
--------
.Im1203
--..----

--------
-.------
.--.----
--.--.--
--------
--------
--------
------.-
--------
------- -
. -------
--------
..----.-
. . . . . ..-
--.-..--
--------
-. . . . . . .
--------
------.-
.. -. . ..-
--..----
--------
.001113

--...---
--------

------- -
--------
.-------
----.---
--------
--------
-----------..---
. . . . ----
--------
--------
--------
--------
.oca537
-.--.-.-

.OoOyj.?
--------
--------
--------
--------
--------
--------
........

-- . . . . . .
--------
-. . . . . . .
. -------
--------
--------
--.-----
--------
--------
4-------

--------

--------

.0WJ806--------

Fourth

--.--.--
.-------
------.-
---.-.--
---.--.-
--------
--------
--------
--------
--------
--.-.---
.-------
--------
--------
--------
. . . . . . ..-
--------
--------
0.001372
--------
--------
--------

--------
--------
--------
--------
.----..-
.----..-
--------
--------
.--..---
-.-.----
.-------
--------
--------
--------
....----
-.------
--------
--------
--------
--------
--------
--------
.001114
.-......
--------

--------
---.----
------.-
--------
.--.----
--------
--------
--------
--------
--------
--------
.---.---
--.-..--
.-.-.-.-

--------
--------
...-.---
--------
--------
--...---
.--.----
--------
--------
--------
--.-----
-----.--

--------
--------
-.----.-

--------
--------

.000792
--.-----

%@(Spe.alma

U$mg:t%’h

--..-.--
-..--.--
--------
--------
----...-
--------
----...-
-.-...--
. . . . ----
--------
-..---.-
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
-.--.-.-
--------
--------
. .. -----
--------
--------
-----.--
--------
-.-.----
--------
--.--..-
--------
--.--..-
.---.---
. -------
--------
--------
--------
--------
--------
0.000565
.00348

Ql+
.000
.00 55

--------
.00067
.00362i
.000 4

r.00911
.0m842-..---:-
.00129

z.0010 1
..-....-
.---.-.-

--------
--------
--------
--------
-.---.--
--.-...-
.---..--
--..--.-
---------
.- . . . ..-
--------
.0C0404
.01X1335--------

J
.00032
.000 0
;o#J;;7

--.-..--
. . . . . . ..-
----------------

Uazafor mooald
10MI●fter
mgrindlng

..----.-
--.-.---
---.-.--
---..---
---.-.--
...-----
-.-.--.-
--------
--------
--------
--------
--------
--------
--------
--------
--------
-. . . . . . .
--------
. . . -----
.-..----
--------
--..----
--------
--------
--------
--------
.-- . . . . .
--------
--------
--------
--------
--------
--------
--------
--.--—----
.-.--.--
--------
--------
--------
. -------
--------
. . .. ----
--..-..-
-.--.---
---.--.-
--------
-----.--

‘Wn
. . . . . . ..-
. -------
..-.----
---.----
.om6i?.6
.000 03

!!.000 11
.000645
.-------
.ooc772
.001024
.-.-----
--------

--------
--------
--------
..-. .-. .
.-------
. -------
-.-.----
--------
--.-----
--------
-.-.-.--
-----.--
---..---
--------
.000369
..--.---
.000573
.om539
-----..-
. . . . . . ..-
---.------.-----

methodof
lato~nlng
Critioml

: Oad

.\:]
(a)
(b)
(•)
(b)
p;

(a)
(b)
(m)
(b)
(m)
(b)
(a)
(b)
(d
(b)
(c)
(c)
(c)
(c)

(a)
(b)
(*)
(b)
(a)

p~

(*)
(b)
(@
(b)

- (a)
(b)

p

(b\
(d
(b)
[:)

(a)
(G)
(0)

(m)
(b)
(a)
(b)
(b)
p]

(c)
(0)
(c)
(c)
[0)
(a)
(c)
(c)

(a)
(a)
(b)
(b)
(b)
(b)
(b)
(c)

[d
(b)
(b)
(0)
(b)

[:
1

&
(c)
(0)
(o)
(0)
(e)

%tralgbt-llno mtlwd.
bviaual estimsto from ouno.
eMd ●t whioh mnap-diqhra~ Lotion 00.JUXTA
dr,oa incrementstao hrgu or doterMnatlon of first buoklingload.
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Figure I.-Test specimen. Figure 2.- Gage for measwhg curvcdure
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14~ Straight-llnemethod—-—

C r~ca I load u

ViacIlestlmat~ ~
~ ~

,12 —-— .

Ic r

1

8

In
n
3

j6

4 [,

2 ---y ~

0.;
.1 .2 .3 ~x@

Difference in strain, in./in.

Flqure 3.- Plot of difference in strain on op-
posite sides of sheet for visual esti-
mate of c.rit]ca I lood.

(a) Spzcimens, grmp A ; ts = 0.125 in. ~

Figure 4.- Critical compressive stress fix 24 S-T aluminum-’?
alloy curved sheet between stiffeners. cd.
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TR% ‘f
(b) Specimens , group B ; ts = 0.102 in.

Figure 4.- Continued.

d

Radius
Thickness ‘f

(c) Specimens, group C ; t~ = 0.081 in.

Figure 4 - Continued.



Radius
Thickr@ss ‘~

(d) Specimens , group D ; t.~ = 0.078 in.

Figure 4.- Continued.

Radius I
Thiclmess ‘ t

(e) Specimens, group E ; t~ = 0.064 in.

Figure 4S - Concluded.
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